Coupled simulation based on intracavity partially coherent light model and 3D CFD model is firstly achieved in this paper. The dynamic equation of partially coherent intracavity field is derived based on partially coherent light theory. A numerical scheme for the coupled simulation as well as a method for computing the intracavity partially coherent field is given. The presented model explains the formation of the sugar scooping phenomenon, and enables studies on the dependence of the spatial mode spectrum on physical parameters of laser cavity and gain medium. Computational results show that as the flow rate of iodine increases, higher order mode components dominate in the partially coherent field. Results obtained by the proposed model are in good agreement with experimental results.
Introduction
The operational mechanism of gas chemical lasers, e.g. chemical oxygen iodine lasers (COIL) involves the entangled processes of optical oscillation, fluid mixing and chemical reactions [1] . To get a better understanding of these processes and improve the laser design, reliable models have to be built. Early studies included only a 1D flowing process, a few chemical reactions that directly related to pumping and lasing, and simplified Fabry-Perot cavity [2, 3] . Numerous improved models were developed in the following works. For example, 3D computational fluid dynamic (CFD) studies based on the Navier-Stokes equation were carried out for analyzing the mixing process of the molecular iodine and the excited state molecular oxygen [4, 5] . Chemical reaction packages involving 21 or 35 reactions were also used to give a more comprehensive vision of the energy transfer process taking place inside the reaction chamber (the nozzle and cavity) [6, 7] . While the near/far field intensity profile and beam quality are of interest, optical computation is needed to be associated with fluid dynamic and chemical kinetic computations [8] .
Both geometrical optics and wave optics models have been applied for the optical computation of COIL [9] [10] [11] . For the study of unstable cavities, numerous models faithfully preserve the cavity geometry [8] [9] [10] . In cases of stable resonators, however, the Fabry-Perot cavity and the roof-top cavity are often used as the approximation model [3, [12] [13] [14] . The Fabry-Perot model was successful in estimating the output power and the chemical efficiency with respect to the outcoupling rate and the flow condition. However, certain difficulty arises when using the Fabry-Perot model to predict the intensity pattern. The upstream-downstream optical coupling effect in COIL with stable cavity, known as the sugar scooping phenomenon, cannot be explained by the Fabry-Perot model [3, [13] [14] . In order to simulate this phenomenon, Yang adopted the roof-top cavity model which forces the optical field to flip as it is reflected by one of the mirrors [14] . Hence, both the Fabry-Perot model and the roof-top model change the geometry of cavity mirrors and obscure the optical mechanism of the device. Another model, namely the constant intracavity intensity model, assumes the intracavity intensity to be uniformly distributed over the resonator cross section [13] . Recently this model was coupled with 3D CFD model of the gas flow under various I 2 dissociation mechanism assumptions [15] . The predicted output power results were compared with experimental results to examine the I 2 dissociation mechanism assumptions. As shown in [13] the constant intracavity intensity model predicts accurate value of the output power from a stable resonator. However, it neglects the optical propagating mechanism and therefore cannot give reliable information about the output intensity distribution and divergence angle.
It should be noted that many iterative methods based on Fourier optics, including the FoxLi method [16] , the Hermite-Gaussian expansion method [17] and the Fast Fourier transform method [18] , work well for unstable resonators which oscillate only at the lowest transverse mode. However, if these methods are directly used on stable resonators with very large Fresnel numbers, the propagating wave expands and converges repetitively making the computational convergence difficult [19] . A stable cavity of COIL is often with large Fresnel number (>500) and many transverse modes oscillating simultaneously. Bhowmik noticed the partially coherent nature of the fields, and developed an improved Fox-Li type iteration by starting with a random noise distribution [20] . The random noise distribution was supposed to represent the partially coherence field which could fill the cavity width during whole propagation inside the cavity. This method leads to a quasi-steady solution and the final optical intensity is statistically averaged among many rounds. Later Endo developed Bhowmik's method to two-dimensional cases [19] . These studies demonstrate the partial coherent nature of the oscillating field and provide a better understanding of the oscillating process. Therefore, a more formalized representation of intracavity field of stable cavities with large Fresnel numbers based on the partially coherent theory, and the coupled computational study of the partially coherent optical field and the chemical reacting flow field are expected.
In this paper, the dynamic equation of the partially coherent intracavity field is established based on the partially coherent light theory [21, 22] , a numerical method for solving the equation is given, and a numerical scheme for the optical-fluidic-chemical coupled computation is discussed. To our knowledge, a coupled simulation based on the intracavity partially coherent light model and a 3D CFD model is achieved for the first time. The coupled simulation provides critical information about COIL operation and reveals the influence of operational parameters on the formation of the partially coherent beam.
Motion equation of partially coherent light inside loaded stable cavity
According to the partially coherent light theory [22] , a stationary optical field of any state of coherence can be represented as an ensemble of monochromatic wave fields. Each member of the ensemble is in the form of
where ( ) 
where ( ) , n z φ ρ are chosen to be the Hermite-Gaussian modes of bare cavity so that they satisfy the orthonormalized relationship [17] ( ) ( )
Intensity of the partially coherent field is expressed as the average intensity of the ensemble members, and by using Eq. (3) and Eq. (2), equals the uncorrelated superposition of the Hermite-Gaussian modes:
Here ( ) ( ) ( ) Let us consider the forward propagating field ( )
is governed by the paraxial wave equation
where 2 ∇ ρ is the transverse Laplacian and k is the wave number. Substituting Eq. (3) into Eq.
(6) and using the orthogonality relationship [Eq. (4)], and noticing ( ) 
the equations for the expansion coefficients ( ) n a z are obtained as With some further algebra on Eq. (8) we obtain 
Equations (11), (12) and (5) constitute the equations for describing the intracavity partially coherent fields of loaded stable cavities and are coupled with a 3D CFD based dynamic gain model in this study.
Numerical methods

Numerical scheme of the coupled simulation
The motion equations given in Sec. 2 are working together with a 3D CFD model to perform the coupled simulation of the operational mechanisms of COIL. The schematic of the computation process is shown in Fig. 1 . The coupled numerical simulation of intracavity partially coherent light and supersonic flowing chemical reacting media is achieved with an iterative process with the optical computation and the CFD computation executed in turns and providing intermittent data to each other. The CFD computation provides the gain distribution for the optical computation, and the optical computation returns the optical intensity to the (C) 2011 OSACFD codes. This process is repeated until both the gain and the intensity converge to a steady distribution.
Governing equations of the 3D CFD computation include the conservation equations of mass, momentum, energy and species with appended source items representing effects of the chemical reactions and stimulated emission. These equations can be found in [23] and are solved by the finite volume method. Second order central difference schemes are used for spatial discretization of the viscid terms. Roe's flux difference splitting method, which is second order accurate in space, is applied to evaluate the convective flux. In this paper we specifically lay stress on the optical computation methods since the CFD schemes adopted are similar to those in previous works [23] .
Computation method of intracavity partially coherent fields
Assuming the cavity length is L . The outcoupling mirror M 1 and the reflecting mirror M 2 are located at plane ( ) ( ) ( ) 
where ( ) R z and ( ) Generally, when the mode ( )
given by Eqs. (13)- (19) 
Under this condition, the modes satisfy the self-consistency criteria of the cavity. It means that the forward and backward propagating modes have exactly the same profile and can both be expressed by Eqs. (13)- (19) . It provides convenience for numerical realization since these modes keep unchanged after reflection and therefore need to be computed only once:
( )
given back to the CFD codes to update the gain data ( ) , g z ρ and therefore forms a close-loop coupled simulation.
Calculation and discussion
The code was applied to the kilowatts COIL experimental platform in Key Laboratory of Chemical Lasers, Chinese Academy of Sciences. The device is similar to the one reported in our previous work [24] . However, some optical and aerodynamical parameters are updated. In the current study, the device is equipped with a stable resonator that consists of a plane outcoupling mirror M 1 Table 1 . And the chemical reactions used in simulation can be found in [7] . From Eqs. (15)- (17) 
For the computation we adopt 1000
x y n n = = . A good check on the accuracy of the computed modes is how well the orthonormalized relationship Eq. (4) is satisfied numerically [25] . The computed modes satisfy Eq. (4) within an error of 10 −4 for all computed modes. The coupled simulation experiences 35 iterations before convergence. The output intensity is shown in Fig. 2 . The intensity distribution has peaks in both the upstream and downstream areas. This is in agreement with our experiments and some previous publications [13] . This effect, known as the sugar scooping phenomenon [13] , can be explained by the presented model in the following way. According to the model described in Sec. 2, the intracavity field consists of a large amount of Hermite-Gaussian modes, and the intensity is determined by the uncorrelated summation of each mode. Noticing that the Hermite-Gaussian modes are symmetric, so the peak at downstream is formed by the superposition of Hermite-Gaussian modes which also create the peak at upstream. Therefore, the partially coherent nature of the intracavity field is responsible for the formation of the sugar scooping phenomenon. The computed saturated gain is shown in Fig. 3 . And the small signal gain is shown in Fig. 4 for comparison. Simulation result indicates that as the gaseous media enters the cavity aperture, the saturated gain drops dramatically due to the power extraction. However, within the aperture the saturated gain decreases very slowly along x direction (flow direction) and keeps almost unchanged along y direction. This proves the validity of the assumption
The slowly varying character of the saturated gain conforms to previous studies on COIL [2, 3] .
The expansion coefficient
the partially coherent field and is referred to as the spatial mode spectrum [26] . Previous studies have focused on the reverse problem of determining the spatial mode spectrum from the intensity distribution of certain partially coherent fields [27] . The method introduced in this paper, however, enables a dynamic study for predicting the spatial mode spectrum from physical parameters of the laser cavity and the gain medium. Figure 5 shows the normalized spatial mode spectrum of the output field. Furthermore, the dependence of the spatial mode spectrum on the flow condition can be studied. angles by the Fabry-Perot model and the roof-top model are only several times of the diffraction limited divergence angle because the density of the media is very low. However, the partially coherent field of the proposed model consists of a large amount of high order Hermite-Gaussian modes. Since divergence angles of high order Hermite-Gaussian modes are much larger than the diffraction limited divergence angle [28] , the predicted divergence angle of the proposed model is consequently much larger than that of the Fabry-Perot and the rooftop model. Experimental results as well as previous publications indicate that the output beam diverges much faster than the Fabry-Perot and the roof-top predictions. The experimentally measured divergence angle is 8 mrad. Numerous previous theoretical and experimental studies have also reported divergence angles of the similar level [28] [29] [30] [31] . It can be seen that the divergence angle predicted by the proposed model is in good agreement with the experimental result. The calculated intensity distributions of the Fabry-Perot model and the roof-top model are displayed in Fig. 7 . In our experiment, the output intensity was measured by the movingpinhole method. Because the lasing lasts just a few seconds, only 1D measurement was made. The measured output intensity along x axis is shown in Fig. 8 together with computational results obtained by the proposed model, the Fabry-Perot model and the roof-top model. Generally, the Fabry-Perot model cannot express the downstream peak phenomenon, and the roof-top model leads to a result with too high intensity value at the upstream and downstream edges. The filled factor, defined as the average intensity divided by the maximum intensity, is adopted to give a quantitative assessment of the intensity uniformity. The filled factors predicted by the proposed model, the Fabry-Perot model and the roof-top model are 0.304, 0.110 and 0.232, respectively. The experimental measured filled factor is 0.327. Therefore, the filled factor predicted by the proposed model is in good agreement with the experimental result. In some previous works [19, 20] , the partially coherent field is computed by averaging on the round-trip coherent fields starting from a noise distribution. This method leads to a quasisteady solution and demands many rounds of computation for the averaging. The proposed model, however, includes the averaging inherently in the motion equation 
Conclusion
A coupled simulation of the intracavity partially coherent light model and the 3D CFD model of the chemical reacting flowing lasing media is realized for the first time. The dynamic equation of partially coherent intracavity field is deduced based on the partially coherent light theory. The numerical scheme for the coupled simulation as well as the method for computing the intracavity partially coherent field is given. The coupled computation gives results on the output intensity, the saturated gain, the filled factor, and the spatial mode spectrum. Computational results indicate that the formation of the sugar scooping phenomenon is closely related to the partially coherent nature of the intracavity field. The presented model enables studies on the dependence of the spatial mode spectrum on physical parameters of the laser cavity and the gain medium. Computational results also show that as the flow rate of iodine increases, higher order mode components dominate in the partially coherent field. Experimental results proved the validity of the proposed model. The output power, divergence angle and filled factor predicted by the proposed model are in good agreement with the experimental results.
